Circulating leptin and insulin convey information regarding energy stores to the central nervous system, particularly the hypothalamus. Hypothalamic pro-opiomelanocortin (POMC) neurons regulate energy balance and glucose homeostasis and express leptin and insulin receptors. However, the physiological significance of concomitant leptin and insulin action on POMC neurons remains to be established. Here, we show that mice lacking both leptin and insulin receptors in POMC neurons (Pomc-Cre, Lepr flox/flox IR flox/flox mice) display systemic insulin resistance, which is distinct from the single deletion of either receptor. In addition, Pomc-Cre, Lepr flox/flox IR flox/flox female mice display elevated serum testosterone levels and ovarian abnormalities, resulting in reduced fertility. We conclude that direct action of insulin and leptin on POMC neurons is required to maintain normal glucose homeostasis and reproductive function.
INTRODUCTION
Identifying mechanisms linking obesity and insulin resistance is crucial for understanding type 2 diabetes. Changing levels of circulating insulin and leptin inform the CNS regarding energy stores. Thus, brain-specific disruption of the insulin receptor (IR) causes mild obesity, hyperleptinemia, and insulin resistance (Brü ning et al., 2000) . Hypothalamic insulin signaling also influences hepatic glucose production (HGP), and its blockade is implicated in diabetes (Gelling et al., 2006; Inoue et al., 2006; Obici et al., 2002) . Likewise, leptin action in the hypothalamus is required to maintain both normal body weight and insulin sensitivity (Balthasar et al., 2004; Coppari et al., 2005; Dhillon et al., 2006; Morton et al., 2003 Morton et al., , 2005 van de Wall et al., 2008) . Indeed, leptin and insulin can engage similar hypothalamic intracellular signaling pathways (Carvalheira et al., 2005; Mirshamsi et al., 2004; Niswender et al., 2001 Niswender et al., , 2003 .
Within the hypothalamus, POMC neurons are critical regulators of energy balance and glucose homeostasis (Baskin et al., 1999; Benoit et al., 2002; Cheung et al., 1997; Elmquist et al., 1998; Porte et al., 2002) . Deletion of SOCS-3, a negative regulator of the actions of leptin, insulin, and various cytokines in POMC neurons, results in modest changes in body weight, but substantially improved glucose homeostasis and insulin sensitivity as well as resistance to dietary obesity (Kievit et al., 2006) . However, deletion of leptin receptors (LepRs) alone in POMC neurons causes mild obesity (Balthasar et al., 2004) and reportedly induces no (Balthasar et al., 2004) or mild effects on glucose homeostasis in males only (Shi et al., 2008) . In addition, deletion of POMC IRs results in no discernable impact on body weight or glucose regulation (Kö nner et al., 2007) .
These results call into question the physiological importance of direct leptin and insulin action on POMC neurons for modulating glucose homeostasis. Recent work from our laboratory has shown that leptin and insulin induce changes in membrane potential in disparate subgroups of arcuate nucleus (ARC) POMC cells (Williams et al., 2010) . Thus, we hypothesized that previous studies deleting one receptor type from a subgroup of POMC neurons failed to eliminate the collective POMC neuronal regulation of glucose levels maintained by the other adiposity signal. To this end, we characterized mice lacking both IRs and LepRs specifically in POMC neurons (Pomc-Cre, Lepr flox/flox IR flox/flox mice).
RESULTS
We crossed mice lacking LepRs in POMC cells (Pomc-Cre, Lepr flox/flox mice) (Balthasar et al., 2004 ) with mice carrying a loxP-modified IR allele (IR flox/flox ) (Kö nner et al., 2007) to create Pomc-Cre, Lepr flox/flox IR flox/flox mice. These mice lack IRs and LepRs in POMC-expressing cells in the hypothalamus and pituitary, but retain them in other cell types and tissues, such as liver and ovary (Figures S1A-S1D). POMC-expressing neurons are found in brainstem, although many (Coppari et al., 2005; Huo et al., 2006; Morton et al., 2003 Morton et al., , 2005 Perello et al., 2007) , but not all (Ellacott et al., 2006) , reports suggest that action in the hypothalamus underlies leptin's role in energy balance and glucose regulation. However, it should be noted that we cannot rule out a potential role of NTS (nucleus of the solitary tract) neurons in these studies. In mice lacking both LepRs and IRs in POMC neurons, hypothalamic POMC neuronal distribution resembled controls ( Figure 1B Figures 1A and 1C) . We also used our new insulin signaling reporter mouse to examine the effect of the targeted deletions on FoxO1a translocation (Fukuda et al., 2008) . Despite administration of a pharmacological dose of insulin to hypothalamic slices, nuclear exclusion of FoxO1a was absent in POMC neurons of double knockout mice (Figures 2A and 2B ). Since POMC is also expressed in the corticotropes in the anterior pituitary gland and glucocorticoids can cause glucose intolerance and insulin resistance (Jacobson et al., 2005; Zinker et al., 2007) , we assessed corticosterone levels under baseline conditions and with a moderately stressful social challenge. We found that corticosterone levels of Pomc-Cre, Lepr flox/flox IR flox/flox mice were similar to controls ( Table 1 ), indicating that these mice are not hypersensitive to stress. Previous reports suggest that leptin activates POMC neurons while insulin inhibits POMC neuronal activity (Choudhury et al., 2005; Claret et al., 2007; Cowley et al., 2001; Hill et al., 2008b; Plum et al., 2006) . Thus, we examined the acute effects of leptin and insulin in POMC neurons from Pomc-Cre, Lepr flox/flox IR flox/flox mice carrying a floxed Rosa-GFP allele and POMC-GFP control mice using whole-cell patch-clamp electrophysiology. Similar to previous reports, leptin (100 nM) superfusion resulted in a depolarization in 5 of 8 POMC neurons from POMC-GFP mice (6.6 ± 0.4 mV; resting membrane potential = À45.4 ± 1.9 mV; n = 5) ( Figures 2C and 2E ). Likewise, some POMC neurons from POMC-GFP mice hyperpolarized in response to 50 nM insulin (5 of 10 POMC neurons; À6.6 ± 1.4 mV; resting membrane potential = À44.2 ± 2.8 mV; n = 5) (Figures 2C and 2E 
Assessment of Energy Homeostasis
We next examined the effect of simultaneous deletion of IRs and LepRs in POMC neurons on energy balance. As previously shown (Kö nner et al., 2007) , deletion of the IR alone in POMC neurons did not affect body weight ( Figure 3A) . Deletion of LepRs alone in POMC neurons produced obesity within the first 3 months of age, as we previously reported (Balthasar et al., 2004; Kö nner et al., 2007) . Interestingly, the additional deletion of IRs in the context of POMC-specific deletion of LepRs ameliorated obesity ( Figure 3A Figure 3B ). To examine the underlying tissue contribution to the body weight phenotype in Pomc-Cre, Lepr flox/flox IR flox/flox mice, body composition was assessed using NMR. As previously reported, the deletion of IR alone did not change adipose tissue deposition ( Figure 3C) . However, at 6 months of age, both male and female Pomc-Cre, Lepr flox/flox IR flox/flox mice had less body fat than Pomc-Cre, Lepr flox/flox mice ( Figure 3C ).
We next examined the source of body weight variation among the mice. As the IR-only deletion had no effect on body weight or fat mass, these mice were not examined further. Deletion of the LepR only from POMC neurons had previously been reported to suppress POMC mRNA expression (Balthasar et al., 2004) , and we saw a similar trend ( Figure 3D ). In addition, we found that the double deletion showed a significant suppression in POMC expression, apparently exacerbating the effect of the single deletion. We then examined the metabolic parameters involved in energy balance. As female mice lacking LepRs only in POMC neurons reportedly exhibit clear decreases in energy activity levels were similar to controls ( Figure 3F ). Thus, insulin and leptin signaling in POMC neurons may have opposing effects on activity levels, although no causal link has been established between increased activity levels and reduced weight in the double knockout.
Cell Metabolism

Blood Glucose Regulation
We next investigated possible alterations in glucose homeostasis. As previously shown, the single deletion of IRs from POMC neurons did not affect glucose parameters ( Figure S3 ). Male Pomc-Cre, Lepr flox/flox mice fed normal chow reportedly exhibit insulin resistance (Shi et al., 2008) . We therefore examined Pomc-Cre, Lepr flox/flox and Pomc-Cre, Lepr flox/flox IR flox/flox mice for evidence of hyperinsulinemia. Basal insulin levels in mice lacking LepRs only in POMC neurons were not significantly above control mouse levels, although they tended to be higher (Figures 4A and 4C) . In contrast to either single deletion, the double deletion mice showed significantly increased insulin levels in both males and females. An insulin tolerance test ( Figure 5D ). We found no differences in clamp glucose disposal ( Figure 5E ). In 6-month-old male mice, body weight was greater in Figure S4C ). These findings are consistent with the results in young female mice and further demonstrate hepatic insulin resistance. Whole-body glucose disposal was similar between the two groups of older male mice, again suggesting no differences in skeletal muscle glucose uptake ( Figure S4D ).
Assessments of Reproductive Function
In the course of our studies, we noted that female mice lacking LepRs and IRs in POMC neurons had difficulty producing offspring. Thus, we examined their fertility by mating them with control male mice that had previously sired pups. We saw a significant difference in the average number of pups born to littermate controls versus Pomc-Cre, Lepr flox/flox IR flox/flox females older than 4 months of age ( Figure 6A ). This phenotype Mouse trunk blood was collected from 3-month-old mice and assayed for hormone levels. Serum corticosterone levels were measured by EIA from mice in basal and under conditions of psychosocial stress (Hill et al., 2008b) . Blood was collected from female mice on diestrus for assay of LH, FSH by RIA, and prolactin and estradiol levels by EIA kit. Groups were compared by t test. Values are presented as means ±SEM.
Cell Metabolism Figure 6C ). These reproductive deficits did not result from abnormal prolactin or estrogen levels (Table 1) . In addition, hypothalamic gonadotropin-releasing hormone (GnRH) expression levels were comparable among the groups ( Figure 6E ). Finally, luteinizing hormone (LH) levels were significantly increased in the Pomc-Cre, Lepr flox/flox IR flox/flox females ( Figure 6D ). These results indicate that gonadotroph and GnRH neuronal function is not grossly impaired in these mice. (E-G) O2 consumption (E), ambulatory activity (F), and respiratory exchange rate (G) in 3-month-old female mice lacking IRs and LepRs in POMC neurons (black bars, n = 9), those lacking only LepRs (striped bars, n = 7), and littermate controls (white bars, n = 8). Values throughout figure are means ±SEM. For entire figure, *p < 0.05, **p < 0.01, and ***p < 0.0001, determined by Bonferroni's Multiple Comparison Test following one-way ANOVA for each group or time point.
Histological examination of their ovaries showed that double knockout females exhibited more degenerating follicles ( Figures  6F and 6G) , as well as occasional cysts (data not shown). In addition, we observed significantly elevated serum testosterone levels in Pomc-Cre, Lepr flox/flox IR flox/flox females ( Figure 6H ).
This rise was accompanied by a significant elevation in the expression of ovarian enzyme 3b-HSD I ( Figure 6I ), which produces androstenedione, the precursor of testosterone. Interestingly, 3b-HSD I has been found to be upregulated in models of polycystic ovarian syndrome (PCOS) (Zurvarra et al., 2009) , and its human ortholog 3b-HSD II is upregulated in theca cells from patients with PCOS (Nelson et al., 2001) . The gene encoding the enzyme upstream of 3b-HSD in the testosterone synthesis pathway, CYP17, showed a trend toward increased expression as well (controls: 1.000 ± 0.3606 N = 10 versus double knockout: 2.412 ± 0.5784 N = 10, p = 0.0530). Notably, insulin drives transcriptional activity of the CYP17 gene in primary cultures of theca cells (Zhang and Veldhuis, 2004) and increases 3b-HSD expression in human granulosa cells (McGee et al., 1995 2002; Cheung et al., 1997; Elmquist et al., 1998) . Our understanding of insulin and leptin sensing by these neurons is evolving rapidly. Functional LepRs have recently been found on approximately 25%-40% of POMC/CART (cocaine-and amphetamine-regulated transcript) neurons in the mediobasal hypothalamus using electrophysiology and immunohistochemistry (Williams et al., 2010) . Similar percentages of POMC neurons display immunoreactive pSTAT3 following leptin treatment ($40%) . While leptin-induced excitation is seen throughout the retrochiasmatic area (RCA) and ARC, a higher percentage (40%-70%) of leptin-excited POMC cells exist in the lateral RCA and medial ARC (Hill, 2010; Williams et al., 2010) . In contrast, insulin-inhibited POMC cells are largely found in the medial RCA and rostromedial areas of the ARC (Williams et al., 2010) , as assessed by acute electrophysiological responses. This segregation may not be absolute, since Al-Qassab and colleagues (Al-Qassab et al., 2009 ) reported electrophysiological recordings of three POMC neurons that showed responsiveness to both leptin and insulin. Interestingly, they reported that the PI3K subunit p110b was required for the acute effects of insulin and leptin, while the p110a isoform was required for only the acute effects of insulin. Thus, while different channel distribution is likely to be responsible for the selective responsiveness of POMC neurons to leptin or insulin, the activation of specific signaling cascades may be required as well. It is also possible that some POMC neurons targeted by insulin do not show changes in membrane potential and firing rate, perhaps including leptin-activated POMC neurons in which insulin exerts long-term genomic responses. Therefore, these recent electrophysiological findings do not exclude the potential for crosstalk between the insulin and leptin signal transduction pathways (Mirshamsi et al., 2004; Niswender et al., 2001 Niswender et al., , 2003 , including parallel PI3K activation and inhibition of FoxO to promote POMC expression (Belgardt et al., 2008; Kitamura et al., 2006) . Hence, deletion of both LepRs and IRs may have additional effects on POMC transcription. Nevertheless, our results suggest the existence of functional redundancy of the actions of leptin and insulin on POMC neurons in the context of the control of glucose homeostasis. These studies have demonstrated that insulin and leptin signaling within POMC neurons do not serve the same function in body-weight regulation. Similar to a previous report (Shi et al., 2008) , female mice lacking LepRs from POMC neurons showed increased adiposity accompanied by consistently decreased energy expenditure. We also saw suppression of ambulatory activity levels in these females, while previous reports showed merely a trend toward reduced wheel running. Nevertheless, mouse models with reduced melanocortin system activation, such as MC3r-and MC4r-deficient mice (Butler, 2006; Chen et al., 2000; Ste Marie et al., 2000) , show substantially reduced activity. Additionally, restoration of LepRs in POMC neurons rescues the hypoactivity seen in mice lacking LepRs (Huo et al., 2009) . In contrast, additional deletion of IRs from POMC neurons decreased body weight and adipose tissue in mice lacking POMC LepRs. These data suggest the anorectic effects of central insulin action (Baskin et al., 1987 ; Woods et al., Our results suggest that these actions may be at least partially mediated by insulin-sensitive POMC neurons. Recent studies argue that WAT expansion serves a protective role in the face of excess energy intake (Gray and Vidal-Puig, 2007; Virtue and Vidal-Puig, 2008) . Thus, POMC neuronal populations may promote an adaptive response to a positive energy balance by increasing overall energy expenditure and promoting appropriate fat storage in WAT. ; white bars, n = 10, 6) was examined for number of degenerating ova. (H) Blood was collected from female mice on diestrus for assay of testosterone levels by RIA (n = 7). 
Cell Metabolism Dual Deletion of POMC Leptin and Insulin Receptors
Our results confirm that POMC neurons are an important target for the actions of insulin and leptin in maintaining normal glucose homeostasis. Mice lacking IRs and LepRs in POMC neurons show a marked effect on HGP, no longer responding to high insulin levels to suppress HGP. These findings are in accord with those of German and colleagues (German et al., 2009) , who have demonstrated that replacement of LepRs in the ARC nucleus of LepR-deficient rats improved peripheral insulin sensitivity via enhanced suppression of HGP independent of any change in insulin-stimulated glucose uptake or disposal. Interestingly, they could block the effect by selective hepatic vagotomy. Our results suggest that both leptin-and insulinsensitive subpopulations of POMC neurons play a crucial role in the control of HGP and that insulin as well as leptin action on these POMC neurons can suppress HGP. Indeed, redundancy in such a crucial function as the avoidance of b cell damage from excess glucose production should be anticipated.
Leptin and insulin action in the brain is required for coordinated reproduction (Brü ning et al., 2000; Burks et al., 2000; de Luca et al., 2005; Keen-Rhinehart et al., 2005; Kowalski et al., 2001; Okamoto et al., 2004; Salvi et al., 2006) , effects believed to be due to the ability of leptin and insulin to indirectly modulate GnRH release (Donato et al., 2009; Hill et al., 2008a; Leshan et al., 2009; Tortoriello et al., 2007 (Brü ning et al., 2000) , diestrus LH levels are elevated in our mice, arguing against a diagnosis of hypothalamic hypogonadism. Interestingly, our POMC double receptor knockout model recapitulates many characteristics associated with PCOS, including ovarian abnormalities, insulin resistance, and, notably, hyperandrogenism. Hyperinsulinemia may be the primary factor driving increased ovarian androgen production in PCOS patients (Adashi et al., 1981; Barbieri et al., 1986; Dunaif et al., 1990; Geffner et al., 1986; Soldani et al., 1994) , though androgen excess in turn may promote further insulin resistance (Corbould, 2008) . Mice lacking LepRs and IRs in POMC neurons may display a similar progression, as insulin resistance is detectable in females at 2 months of age and reproductive difficulties do not appear before 4 months. Given the population of lean PCOS patients with hyperinsulinemic androgen excess (Chang et al., 1983; Dunaif et al., 1989 Dunaif et al., , 1992 , it is interesting to note that our double deletion mouse is leaner than POMC LepR-only-deleted mice and yet shows reproductive impairment not present in the latter.
In conclusion, our results establish that POMC neurons that respond to insulin and leptin regulate systemic glucose homeostasis via control of HGP and reveal a function for this system in maintaining fertility. In situ hybridization for POMC ( 35 S) mRNA was performed as described earlier (Elias et al., 1999) . Whole-cell patch-clamp recordings from POMC neurons were performed as previously detailed (Cowley et al., 2001; Hill et al., 2008b) . Food intake and body weight measurements were made using established protocols. Physical activity, oxygen consumption (V02), and RER were monitored using a combined indirect calorimetry system (TSE Systems GmbH; Bad Homburg, Germany) (Pfluger et al., 2008) . See Supplemental Experimental Procedures for additional information.
Hormone and Glucose Regulation Assays
Plasma corticosterone levels were obtained between 1400 and 1600 hr following the protocol described by Popova and colleagues (Hill et al., 2008b; Popova et al., 2006) . Briefly, psychosocial stress was induced in eight mice of each strain by aggregation for 30 min in groups of four animals after 3 day isolation in individual cages. Blood samples were taken from the trunk in heparin-free tubes after decapitation within 30 s of handling. The corticosterone concentration was measured from serum by EIA (Assay Designs Correlate-EIA Corticosterone kit) according to the manufacturer's instructions. Additional hormone levels were assayed according to established protocols; see Supplemental Experimental Procedures for additional information. Hyperinsulinemic-euglycemic clamps were performed as previously described (Nawrocki et al., 2006) . In all GTTs and ITTs, subsets of age-matched mice with similar body weights were chosen to avoid the confounding influence of body weight on results. Additional details appear in Supplemental Experimental Procedures.
FoxO Translocation Measurements in Hypothalamic Slices
We used a reporter mouse to monitor PI3K-Akt signaling in specific populations of neurons in hypothalamic slice cultures based on FoxO1 nucleocytoplasmic shuttling. The reporter, FoxO1 fused to green fluorescent protein (FoxO1GFP), is expressed under the control of a ubiquitous promoter silenced by a loxP-flanked transcriptional blocker. Thus, expression of the reporter in selected cells depends on the action of Cre recombinase. Image pixel intensity, as a measurement of fluorescence intensity, was measured within specific regions of the neuron (cytoplasmic [in the soma] and nuclear) as well as in regions outside the cell (background) with the AxioVision 4.1 software. Neurons positive for cytoplasmic FoxO1GFP were defined as those with an N:C ratio of <1:2. See Supplemental Experimental Procedures for additional details.
Mouse Islet Isolation
All pancreatic islets were obtained from 3-month-old male mice and were harvested in early morning with mice in the fed state. The mouse pancreas was perfused and digested with liberase R1 (Roche; Indianapolis, IN). Islets were then isolated using Ficoll gradient centrifugation and hand selection under a stereomicroscope for transfer to RPMI 1640 medium (11.1 mM glucose) supplemented with 10% (vol/vol) heat-inactivated fetal bovine serum (FBS), 100 IU/ml penicillin, and 100 mg/ml streptomycin (Invitrogen; Carlsbad, CA), culture conditions routinely used to avoid apoptotic cell death and preserve optimal glucose-stimulated insulin capacity. Three mice were used per group to isolate islets that would be pooled and then distributed evenly among multiple wells (six islets per well) for each assay condition. To determine the effect of glucose, mouse islets were incubated in glucose-free secretion assay buffer for 1 hr and then shifted to 5 mM (low) or 17.5 mM (high) glucose. After 1 hr of incubation, insulin secretion from the islets was measured by EIA (Crystal Chem; Downers Grove, IL). All experiments were performed three times.
Reproductive Phenotyping
Mating success rates were determined by pairing experimental mice with unrelated control mice (known to be fertile) for 2 months or until a litter was produced. Pairs were monitored regularly for signs of visible pregnancy.
Ovaries were removed at autopsy and fixed for 72 hr in 4% paraformaldehyde. The tissues were then embedded in paraffin, cut into 20 mm sections on a sliding microtome, and stained with hematoxylin and eosin. The number of degenerating ova present in representative sections throughout the ovaries was tabulated by a blinded observer for each of the genotypes. Quantitative PCR was performed using established protocols (Bookout and Mangelsdorf, 2003) .
Statistics
The data are reported as mean ±SEM. All statistical analyses were performed using Prism (version 5.0) software. ITTs and GTTs were analyzed by comparing the mean of the area under the curves by t test. Groups of more than two and individual weight-gain time points were analyzed by a Bonferroni post hoc test following a one-way ANOVA. When planned comparisons had been part of the experimental design, a Bonferroni post hoc analysis was used to assess selected pairs of means. t tests were used to compare results between groups of two. p < 0.05 was considered statistically significant.
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